ABSTRACT Modern terahertz (THz) receiver used for radio astronomy is aimed at developing high integrated system. However, various THz integrated devices, such as quantum cascade lasers and chip antennas, exist weaknesses of poor radiation quality and beam divergence. Currently, this disadvantage is generally improved by dielectric lens or reflectors, which increasing the bulk volume immensely. In this paper, the beam manipulating properties of metallic corrugated grooves and dielectric periodic gratings are discussed based on the physical principles of surface plasmon and electrical leaky-wave numerically. Furthermore, the prototypes of bull-eye antennas and leaky-wave antennas operating at 500 GHz are proposed by micro-electro-mechanical system process and laser technology to demonstrate the beam shaping effectiveness, respectively. The E-plane patterns measured through a THz vector field measurement system experimentally are in good agreement with the simulations. Both the developed periodical structures will have a large superiority on applications for maneuvering pulse-or beam-shapes of THz radiation with compact and low profiles.
I. INTRODUCTION
Terahertz regime, defined as 0.1 THz ∼ 10 THz roughly, has provided abundant scientific and technological opportunities in many fields such as astronomy, biology and atmospheric science [1] - [3] . The interest in advanced THz receivers for radio astronomy has been motivated recently, which has enabled a great demand for THz integrated devices and systems, such as integrated receiver with quantum cascade laser (QCL) [4] , log-spiral, log-periodic, as well as double-slot planar feeds coupled to a hot-electron bolometer (HEB) [5] and radiating sources [6] . However, the weakness of beam divergence of edge-emitting THz QCLs or poor radiation pattern of THz on-chip antennas is existed usually. Thus it is of particular worth to develop simple structures with characteristics of easy-to-implement, low-profiles and convenient integration to improve poor radiation performance and modulate beam-shapes for THz functional devices.
One popular non-planar solution to enhance the low radiation issue is to integrate a dielectric lens [4] - [7] , which has been widely used in THz on-chip array systems. But the volume of lens is oversized and the matching layers should be designed to minimize multiple reflections inside the lens. One planar solving method that can bypass a dielectric lens was proposed [8] , [9] . However, a strict alignment accuracy between the planar antenna and feed lines is needed. In addition, the artificial dielectric layers (ADLs) were exploited to increase the front-to-back radiation ratio and gain of THz slot antennas [10] , [11] . The gain extent enhanced by ADLs is only 2 dB at 300 GHz yet [11] . In recent years, the metallic corrugated grooves have been introduced to shape the beam emitted by QCLs [12] , [13] and increase the gain of THz antennas [14] , [15] . Such micro-structured surfaces are called designer plasmonic structures or spoof surface plasmon (SSP) constructions, as discovered in optical field firstly [16] , [17] and then observed on structured metals at THz frequencies [18] . Besides, this SSP idea has also been translated to implement THz key devices, such as quasi-optical filter [19] , power divider [20] and parallel-plate waveguide [21] .
In this work, beam manipulating effect realized by a metallic subwavelength grooves structure is discussed by the grating equation. And the beam enhancing effectiveness at 500 GHz is demonstrated through designing, fabricating and measuring bull-eye antennas using periodic circular grooves. Moreover, the multiple directional beaming performance of a dielectric film patterned with periodically positioned gratings is numerically analyzed based on the principle of leaky-wave mode. The focused beam shaping characteristic at 500 GHz is also proofed through building and estimating leaky-wave antennas loading elliptical gratings. Effects of the groove and grating number on beam qualities are discussed in detail respectively.
II. THE METALLIC CORRUGATED GROOVES STRUCTURE
In this section, the multiple directional beaming effect of a metallic corrugated grooves structure is summarized. The bull-eye antennas are simulated by using periodic circular grooves, fabricated based on silicon deep reactive ion etching (DRIE) and measured through a THz vector field measurement system to demonstrate the concerned beam enhancing capacity at 500 GHz. This deliver will make the subwavelength grooves structures good candidate for the applications of THz beam modulating devices.
A. ANALYSIS
On the basis of the Drude model [22] , a metal can be equivalent to a dielectric with ω > ω p , and considered as a perfect conductor (PEC) with ω < ω p . Because of the metal plasmon frequency ω p is located at ultraviolet band, the SP cannot be excited on the metal surface at THz frequencies. While by introducing sub-wavelength grooves, the metallic periodic structure in THz band may be equivalent to the metallic dielectric in optical band [17] . Hence, a metal built with sub-wavelength periodic grooves is able to support the SSP [18] . This discovery has generated a great impact on THz applications, such as building blocks for THz optical devices.
The schematic of the metallic corrugated grooves structure investigated in this paper is shown in Fig. 1 . The width, height and period of the grooves are w, d and p, respectively. The SSP can be excited on this patterned metal surface with TM polarized surface wave [23] , [24] . As discussed in our previous work [24] , the SSP wave propagating along the metal surface (X-axis) will be decomposed into series of plane wave components and radiated to the free space, which satisfies the grating equation [25] . The discrete wave vectors can be expressed as,
where, k xn is the wave vector along X-axis, k sp is the wave vector of the SP and usually assumed to be equal to k 0 to simplify the analysis. Accordingly, the radiation angles θ n to the normal direction (refer to Fig. 1 ) can be obtained by Eq. (2), According to the different λ/p, specific beam manipulating effectiveness will be acquired and concluded as below. Fig. 2 shows the calculated beam numbers and angles versus λ/p (0.2 < λ/p < 2) for multiple directional beaming effect. Fig. 3 presents the corresponding wave vectors and beam angles θ n diagram (assuming the propagation direction is positive and the opposite direction is negative) in typical conditions. Both figures here help to observe and understand these interesting phenomenon. 1) λ/p > 2, there is no θ to meet Eq. (2). The wave is therefore confined to the metal surface and propagated along X-axis, as shown in Fig. 3 (1). 2) 1 ≤ λ/p < 2, there is only one solution θ(θ ≤ 0) with n = −1, as shown in Fig. 2 (the illustration in top right corner). The SSP wave will be radiated with an opposite direction of propagation now, which can be seen from Fig. 3 (2) . It is worth mentioning that the wave will be radiated at the normal direction theoretically when λ/p = 1, which can be used to collimate the beam. 3) λ/p < 1, there are several solutions θ n to satisfy Eq. (1) . In this case, multiple directional beams will be obtained, as revealed in Fig. 2 . Besides, beams is symmetrically appeared with λ/p = 2/3, 2/4, 2/5 . . . 2/N . The radiation performance with typical condition of λ/p = 2/3 is shown in Fig. 3 (3) . From Eq. (2) and Fig. 2 , the SSP wave will be radiated to all directions with an infinite p. Consequently, specific beaming functions can be achieved by adjusting the geometrical parameter p of the metallic corrugated grooves structure and will provide wide applications for THz components. Among them, the focused near broadside radiation feature at λ/p ≈ 1 is demonstrated at 500 GHz in this paper, which can be used to shape the beam of THz radiation.
B. SIMULATION AND FABRICATION
The design method presented in [14] and [26] is used here to lay out a bull-eye antenna to verify the beam enhancing property at 500 GHz. The antenna configuration is indicated in Fig. 4 . The linear grooves are extended to circular to build a symmetric structure, while only the E-plane beam can be converged by the TM polarized mode. In this balanced architecture, two symmetric beams radiating at each half of the antenna are sufficiently close to the normal direction (broadside) when p ≈ λ. The co-phasing condition is therefore occurred at normal position, and the radiation pattern appears as a single enhanced beam, pointing at broadside. The waveguide feeding technique in [14] and [26] is adopted for The S-parameter, gains and patterns of bull-eye antennas with different number grooves are simulated by CST and plotted in Fig. 5 (1-4) . The return loss (RL) and gain performance of the 3-groove antenna is displayed in Fig. 5 (1). A narrow band of 485-505 GHz with low RL is obtained by the resonant coupling. The peak gain is observed at 500 GHz apparently. In order to understand the effect of the groove number on the beam quality, Fig. 5 (2) presents the gain and VOLUME 6, 2018 side-lobe level (SSL) results of the antennas loading with different number grooves. As the grooves increasing, both gain and SSL performance is improved, and they obtain the saturated state when the grooves up to 6. The comparison of the simulated patterns of the structures with 0-, 3-and 6-groove is shown in Fig. 5 (3-4) . The E-plane pattern has been sharped remarkably with periodic grooves, but there is no significant improvement for H -plane beam, which indicates that the shaping effect of grooves is useless for the TE-mode wave. It is quite clear that the 6-groove antenna has the best results both in gain up to 20 dBi and low SLL.
This fabrication is carried out by micro-electro-mechanical system (MEMS) technology in the 4-in high-resistivity silicon wafer, which is similar to the one discussed in our previous work [27] . The bonding process is not required for these chip constructions. Finally, the etched wafer is divided into pieces by dicing saw, and sputtered with thicker than 1-µm gold to metallize the whole configuration. The standard flange (UG-387) holes are configured on each chip for the assemblage. Part of the finished products are displayed in 
C. MEASUREMENT AND RESULTS
The E-plane patterns of the fabricated chip antennas are measured through a THz vector field measurement system developed by PMO [28] , [29] , as shown in Fig. 7 . Such chip can be mechanical supported and fixed by a metal WR-1.9 waveguide block conveniently. All the instruments and devices are calibrated, the positions of all components are fixed to achieve a stable working condition. Blackbodies are placed wherever reflection to restrain the standing wave effects and ensure good electromagnetic test environment before testing. The scanning platform (SIGMA KOKI SGSP-46-500), which hold the RF multiplier chain and structures under test, is fixed on a three dimension scanner (SIGMA KOKI SGSP-46-Series). In this system, the maximum rotation angle of such scanning platform is about 70-degree. Every antenna must be measured with multiple times to minimize the error. The measured E-plane patterns together with simulations are shown in Fig. 8 . A good agreement between the measurements and simulations is observed after normalization. When the groove number increasing, the measured pattern becomes smooth and the sharped E-plane pattern can be obtained clearly. This phenomenon is benefited from that the SSP wave will be excited and radiated sufficiently with enough grooves. However, there is some fluctuation for the measured patterns, especially for the1/3/6-groove structures, which may be caused by machining error, multiple reflection or testing issue. The gain performance is also characterized through comparing with a horn antenna provided by Virginia Diodes, Inc. [30] , as shown in Fig. 9 . The trend of gains changing with groove number is similar with the simulations. Because of the unforeseen loss attributed to the error of fabrication and assembling, the measured gains are slightly lower than the simulated ones.
Therefore, the beam shaping ability of the metallic corrugated grooves structure has been demonstrated at 500 GHz by bull-eye antennas. This advantage is a good candidate for practical applications in THz band, such as manipulating the beam emitted by QCLs and enhancing the gain of THz horns.
III. THE DIELECTRIC PERIODIC GRATING STRUCTURE
On the other hand, dielectric grating antennas have shown substantial applications in millimeter-wave domain [31] - [35] . As is well known, the periodic gratings on a uniform dielectric film surface can transform the travelling-wave into the leaky-wave mode, which has been widely used for designers of leaky-wave antennas [32] - [35] . The periodic perturbations have been realized by several forms, such as dielectric gratings [32] , high-permittivity dielectric gratings [33] , metallic strips [34] and water gratings [35] . According to the leakywave principle, the grounded dielectric film structured with periodic gratings will exhibit various beaming performance, which is similar to the metallic corrugated grooves above and dominated primarily by the grating period p. In this paper, this idea based on dielectric periodic gratings will be translated to provide feasible applications in THz band.
In this section, the beam manipulating characteristic of the dielectric gratings construction is discussed and summarized based on the leaky-wave mode. Besides, leaky-wave antennas are designed by using elliptical metallic strips, fabricated by laser technique and featured to deliver the key beam enhancing ability at 500 GHz. This potential application will promises solutions for improving the poor radiation pattern of THz functional devices certainly.
A. ANALYSIS Fig. 10 (1) gives the schematic of the dielectric periodic gratings structure discussed in this paper. The grounded dielectric film (ε f ) is added with periodic gratings on the surface. The width, height and period of the gratings are w g , t g and p, respectively. In this grounded dielectric film, the propagating fundamental mode is TM-mode. Numerous of space harmonics related with leaky-wave mode will be generated under the influence of periodic gratings, which is not exactly with previous SPP proposals. For this type film, only the fast-wave will be radiated, and the slow-wave would be confined on the film completely, which is determined by the phase constant. The propagation constant relationship between the n-order space harmonic (β n ) and the fundamental harmonic (β 0 ) is:
And the radiation angles θ n (an axial angle to the normal direction) to the normal direction (refer to Fig. 10 ) is obtained by,
where β 0 can be calculated using the equivalent dielectric constant and the transverse resonance method, which has been discussed particularly in [33] - [35] . As shown in Fig. 10 (2) , the whole construction can be divided into a film layer and a grating layer, then the grating layer can be replaced with a uniform dielectric film layer with a permittivity of ε g . From Eq. (4), it can be found that the beam direction is closely related to λ/p and β 0 /k 0 , where β 0 /k 0 is the effective refractive index of the uniform dielectric film. According to different conditions, specific characteristic, which is similar to that of the metallic periodic structure before, can be derived into three categories too. An assumption of β 0 /k 0 < 3 is considered in this paper and the analogous beaming conditions figures are not repeated here.
1) λ/p > β 0 /k 0 + 1, Eq. (4) has no solution. As a result, this slow-wave is confined on the film and propagated. The non-radiative space harmonic is evanescent wave and attenuated along the Z-axis exponentially. For this dielectric waveguide, the periodic gratings will not achieve any effect. 2) (β 0 /k 0 + 1)/2 ≤ λ/p < β 0 /k 0 + 1, there is only one solution θ (n = −1 order) to meet Eq. (4). In this case, a beam is scanning from the back-fire through the broadside direction to the end-fire with the frequency increasing. This feature has been widely used for designing leaky-wave antennas in millimeterwave band. It is worth noting that the beam will locate close the broadside direction with λ/p ≈ β 0 /k 0 , such highlighted feature can be adopted to sharpen the beam profile through adopting such dielectric periodic configuration symmetrically. 3) λ/p < (β 0 /k 0 + 1)/2, there will be many θ n to solute Eq. (4). Multi-order space harmonic radiation wave can be exited in this condition. When λ 0 /p = m · (β 0 /k 0 ) and m = 2/3, 2/4, 2/5 . . . 2/N , the beam will be appeared symmetrically with respect to the normal direction. Besides, when p is infinite, the wave will radiate to every direction. In conclusion of the above analysis, the controllable beam function can be achieved by manipulating the geometrical parameter p of the dielectric periodic structure. Such interesting architecture will display potential advantages for THz beam manipulation devices. The special beam radiating nearly broadside with λ/p ≈ β 0 /k 0 is a key THz application for shaping beam and enhancing radiation, which will be demonstrated at 500 GHz by the following design. 
B. DESIGN, SIMULATION AND FABRICATION
The leaky-wave antenna combining a waveguide feeding and the periodic gratings based on SiO 2 substrate (ε r = 4) is designed to test the beam shaping effectiveness at 500 GHz, as shown in Fig. 11 . In this design, the traditional dielectric gratings are replaced by the metallic elliptical strips to easy the architecture implementation and hold a symmetric architecture. The elliptical shape with ratio = 0.8 used here will obtain the highest gain performance. As given in Fig. 12 , E-plane patterns of antennas with three type forms of gratings (ratio = r2/r1, as shown in Fig. 11 ) are simulated to explore the beam enhancing effect. The WR-1.9 waveguide is used to feed this antenna. The central hole has the same dimensions with the waveguide to couple THz wave to dielectric film effectively. The periodic strips have parameters of the period p = 0.3 mm, the width w g = 0.11 mm, which can be obtained by optimizing in CST. In the same way, the co-phasing situation, which is benefit from the symmetrical radiation, can also be occurred at normal direction. A single sharped beam will be appeared when each half of the antenna radiation at sufficiently close broadside with λ/p ≈ β 0 /k 0 . It should be noted that the location of feed waveguide should be satisfied the TM-mode input wave, which is propagating along the X-axis, as shown in Fig. 11 . In this way, the E-plane converged beam by the TM-mode wave can be observed effectively. Fig. 13 (1-3) display the simulated S-parameter, gains and E-plane patterns of the proposed antennas with different number strips by CST. The performance of the antenna with 3 strips is given in Fig. 13 (1) . A good RL over a wide band of 480 ∼ 520 GHz is obtained, which declares that THz wave can be coupled into the dielectric film availably. The peak gain is appeared at 500 GHz clearly. The effect of the number of strips on beam quality is also simulated here, as shown in Fig. 13 (2) . The gain is almost proportional to the strip number, which is because of the radiation efficiency is determined by the length of the periodic structure [33] . The E-plane patterns of the films adding with 0-, 1-, 3-and 6-strip are given in Fig. 13 (3) for comparison. The first strip can increase the gain of the antenna with about 6-dB, but the main-lobe is not obvious due to the very short length of the periodic structure. The enhanced E-plane pattern of the 3-ring antenna has received a clear main-lobe. Besides, the gain can be improved up to 18.1 dBi after loading 6 strips. The H -plane beam patterns with no significant improvement are not shown here.
The laser drilling and gold plating techniques are implemented to fabricate these antennas. The main process steps include: 1) A 2-in diametric, 0.2-mm thick silicon dioxide wafer with two-side polishing is selected for the prototype.
2) The elliptical strips are sputtered with thicker than 2-µm gold for the metallization.
3) The central holes are built by the laser drilling. The formed wafer is divided into pieces by dicing saw finally. The finished products are displayed in Fig. 14 (1) . The overall size of a single chip is 6.6 mm × 6.6 mm × 0.2 mm, as shown in Fig. 14 (2) . A metallic waveguide block with one surface embossing area of 6.6 mm × 6.6 mm is fabricated to support an exact position for such chips. As shown in Fig. 14 (3) , an antenna can be assembled on the block surface using the hot-melt wax chip installation method easily and accurately. The same measurement setup in Fig. 7 is used to measure patterns of the proposed dielectric constructions, as shown in Fig. 14 (4) .
C. RESULTS DISCUSSION
The E-plane patterns of all the fabricated chips are measured and normalized, as shown in Fig. 15 , and the practical gain performance is given in Fig. 16 . The actual main-lobe patterns and the trend of gains changing with cycles are mainly matched with the simulations. When more elliptical periodic strips is adding (longer length of the periodic structure), the sharped E-plane pattern is more noticeable and the gain is going higher, which is profited from the higher radiation efficiency. By performance comparing between the antennas with 3 different shapes (elliptical, linear and circular), the 3-elliptical strip structure performs the best beam pattern Fig. 15 may be caused by installation error, multiple reflection or testing problem. As can be seen from Fig. 16 , the measured gains are slightly lower than the simulations due to the dielectric and unforeseen loss. Besides, the loss will be increased with longer periodic structure.
The beam shaping property of the dielectric periodic gratings construction has been evidenced at 500 GHz by leaky-wave antennas. This key capacity will have advantages on many THz applications, such as upgrading the poor radiation pattern of QCLs and antennas.
IV. CONCLUSION
The beam manipulating features base on the metallic corrugated grooves and dielectric periodic gratings structures have been discussed and summarized in this paper. Furthermore, the emphatic beam shaping effectiveness has been presented and demonstrated by bull-eye antennas and leakywave antennas at 500 GHz. To the best of our knowledge, such radiation improvement performance realized by the dielectric periodic film with advantages of very low profile and easy-to-integrate is developed in THz band for the first time. Therefore, the beam shaping capacities of both periodic structures will provide potential applications for maneuvering pulse-and beam-shapes of THz radiation with very low profiles, such as reducing the pulse divergence of edgeemitting THz QCLs and sharping the poor radiation pattern of THz antennas.
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